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The blood vessels in the dermis carry between 8 and 10% of the total cardiac output in a normal 
resting adult (Tortora and Grabowski, 2000). However, during severe heat stress the human skin 
can receive up to 70% of cardiac output. When the external temperature is cold, blood flow is able 
to reduce to nearly zero in the skin (Rowell, 1977).  
 
The skin contains two types of resistance vessels: arteriovenous anastamoses (AVAs) and 
arterioles. The AVA’s have thick muscular walls (Levy et al., 2006); they do not connect to the 
capillary bed, but shunt blood directly from arterioles to venules (Tortora and Grabowski, 1996). 
The AVA’s are most commonly found in the dermis of the palms, the soles of the feet, the nose and 
ears. The arterioles transfer blood flow to the venules through the capillaries, and in this way 
provide for the skin’s nutritional needs (Pocock and Richards, 2006).  
 
The AVA’s are richly innervated by the sympathetic nervous system (SNS) and the regulation of 
these vessels is by temperature receptors in the skin or the central nervous system. Substantial 
changes in vessel diameter can occur in these vessels; stimulation of sympathetic nerve fibres can 
nearly completely constrict the vessel, but the AVA’s will dilate maximally when there is removal 
of this stimulation. 
 
The arterioles are the main source of vascular resistance within the cutaneous microcirculation. 
They are innervated by sympathetic nerve fibres and most arterioles are in a state of basal 
constriction (Pocock and Richards, 2006). However, unlike AVA’s, arterioles are also controlled 
by local metabolic factors (Pocock and Richards, 2006). The arterioles have thick walls; the wall 
thickness of arterioles is half of the total vessel diameter (Tortora and Derrickson, 2009). The three 
layers of the wall of the arteriole are the tunica interna, the tunica media and the tunica externa. 
The tunica interna is composed of a thin internal elastic lamina, the tunica media consists of 
smooth muscle cells and the tunica externa is composed of collagenous connective tissue and many 
unmyelinated sympathetic nerves (Tortora and Derrickson, 2009). 
 
The primary arterioles progressively become smaller with less smooth muscle and innervation in 
their walls as they become secondary, tertiary and then terminal arterioles. The terminal arterioles, 
called metarterioles feed into capillaries and then the capillaries drain into venules. At the junction 
between the arteriole and capillary, the final muscle cell forms the pre-capillary sphincter (Tortora 
and Derrickson, 2009).  
 
The arterioles feed into capillaries, which are the smallest vessels in the microvasculature. The 
capillaries have a diameter in the range of 5-10µM and they connect the arterioles to the venules.   31 
to a decrease in pressure (Bayliss, 1902). The increase in pressure causes an increase in 
intracellular calcium by activating cell membrane stretch activated channels (SAC) in smooth 
muscle cells (SMC) and endothelial cells (EC) (Takenaka et al., 1998). The SAC’s are permeable 
to molecules such as potassium, sodium and calcium. The SAC’s increase the calcium level in the 
cells by allowing direct influx of extracellular calcium and by depolarizing the SMC’s which then 
causes an influx of calcium through voltage operated calcium channels. The raised calcium levels 
results in constriction of the vessel. The change in resistance of the blood vessels does compensate 
for the changes in arterial pressure, and it is suggested that this may be a form of autoregulation of 
blood flow (McGeown, 2002; Carlson et al, 2008). The myogenic responses have been shown to be 
more prominent in smaller vessels (Lagaud et al., 1999), and stronger in males than females 
(Huang et al., 1997). 
 
Shear stress on the endothelial cells also affects the control of the blood vessels (Widlansky, 2009). 
The shear stress causes an influx of calcium through SAC’s and an increase in calcium in 
endothelial cells. The mechanism of the shear stress response has been modelled mathematically 
(Wiesner et al., 1997). The increase in calcium leads to hyperpolarisation of endothelial cells and 
generation of NO. The propogation of hyperpolarisation and also the effects of the NO cause a 
decrease in the calcium level of SMCs and relaxation of the vessel (Koenigsberger et al., 2006). 
The endothelial cells have direct connections with the smooth muscle cells through myoendothelial 
gap junctions (Dora et al., 2000). Therefore, stress on smooth muscle by changes in intravascular 
pressure causes increased calcium levels in SMC’s and the myogenic response. However, shear 
stress directly on endothelial cells causes reduced calcium levels in SMC’s and the myogenic 
response is attenuated (Koenigsberger et al., 2006).  
 
Endothelial cells produce NO which acts on smooth muscle cells to cause vasodilation. 
NO is produced from L-arginine by nitric oxide synthase (NOS) and there are several known 
isoforms. Endothelial NO causes dilation of blood vessels by stimulation of soluble guanylyl 
cyclase and also by increasing cyclic guanosine monophosphate (cGMP) within the smooth muscle 
cells (Forstermann et al., 1994). NO also inhibites platelet aggregation and adhesion. There is 
evidence that NO inhibits DNA synthesis, mitogenesis and proliferation of vascular SMC’s 
(Forstermann and Munzel, 2006). Due to its dilating effects, NO is important in the control of 
blood pressure. NO, produced by endothelial cells, is known to regulate vascular tone and is 
important in the maintenance of vasodilation following local cutaneous heating and loading 
(Meredith et al., 1996; Kellogg et al., 1999).  
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1998). When the microvascular response to pressure and cuff-induced ischemia were compared at 
the finger site of human participants, the pressure induced hyperaemia began later, lasted for longer 
and was of a greater magnitude compared with the cuff occlusion. The application of direct 
pressure to the skin causes substantial stress directly on the arterioles themselves (Rendell and 
Wells, 1998). When cuff occlusion occurs, venous return is blocked, so venous blood remains in 
venules during occlusion (Capp et al., 2004). However, local pressure forces venous blood out of 
the venules. Many studies have used measurement of skin blood flow during and after ischaemia 
caused by cuff occlusion and have demonstrated differences in vasoactivity between groups 
including smokers and non-smokers; smokers were shown to have reduced response to ischaemia 
(Rossi et al., 2007a).                                                                           
 
Several studies have considered the effect of external pressure on the skin of different body sites 
and using different methods of loading the skin. In a study, patients lay on a mattress and the skin 
blood flow was measured using LDF at the trochanter, before, during and after the pressure period 
(Frantz and Xakellis, 1989). Further studies positioned the heel on a transparent plate to apply the 
pressure and LDF measured skin blood flow through the plate (Mayrovitz et al., 1997; Mayrovitz 
and Smith, 1998). Other studies used external loading devices of varied sophistication, which 
applied given loads to the skin (Schubert and Fagrell, 1991; Colin and Saumet, 1996; Fromy et al., 
2000; Abraham et al., 2001). The studies involving external loading and removal have shown light 
smokers to have attenuated reactive hyperaemic responses (Noble et al., 2003) and a group of 
elderly patients had diminished responses (Schubert and Fagrell, 1991).  
 
Thermal challenge induced vasodilation 
Several studies have been undertaken to measure the response to local heating in different patient 
groups and healthy control participants. A study was completed in which local heating was applied 
to the hand and foot of patients with complete spinal cord injury (SCI) compared to patients with 
incomplete SCI (Nicotra et al., 2004). They found that the axon-reflex mediated phase was 
significantly reduced in the foot (below the level of the lesion) of patients with complete SCI 
compared to those with incomplete SCI. They suggest from this study that the local heating 
response may be a useful technique to assess the spinal sympathetic pathways in order to classify 
SCI (Nicotra et al., 2004). The local heating response has also been used to consider the effects of 
ageing on the skin microcirculation. It was found that the initial rise in blood flow and the 
prolonged plateau vasodilatation in response to local heating was significantly attenuated in older 
(69-84 years) participants compared to younger (18-24 years) participants (Minson et al., 2002). 
The reduced ability to increase blood flow rapidly to a direct heat stimulus and also the attenuated 
prolonged vasodilatation could make the skin of the elderly group more at risk of damage.    92 
 
Figure 3.7  The figure shows a bar chart of resting flux and loaded flux at the sacrum of the heavy 
smokers and the matched control participants (n=8). The data are median ± IQR. There was a 
significant fall in flux with loading when tested using the Wilcoxon paired test, where p<0.05, in 
both the non-smoker control group and heavy smokers.  
 
Resting flux 
The resting flux measured at the sacrum was 32.7 ± 12.1 and 43.2 ± 49.5 AU in the non-smokers 
and heavy smokers respectively (median ± IQR). There was no significant difference between the 
non-smokers and the heavy smokers. 
 
Loaded flux 
The loaded flux with 2500g applied to the sacrum was 19.3 ± 13.4 and 19.0 ± 21.9 AU in the non-
smokers and heavy smokers respectively (median ± IQR). There was no significant difference 
between the loaded flux of the non-smokers and the heavy smokers. 
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LDF measurements. The studies in this chapter are based on the skin blood flux response to the 
application and removal of a 2500g load. This enables the consideration of the ability of the 
cutaneous microcirculation to withstand external pressure and also increase blood flow on removal 
of the load. 
 
The results presented in this chapter show the resting flux, loaded flux and RH response to removal 
of a 2500g load in a heterogenous group of 8 heavy smokers and matched non-smoking control 
participants. The apparatus used was the same as a previous study in light smokers (Noble et al., 
2003) where the RH response was measured at the sacrum of light smokers and matched non-
smoking control participants.  
 
The resting flux at both the forearm and the sacrum sites was not significantly different in the 
smokers compared to the non-smokers. It was observed that resting flux was higher at the sacrum 
compared to the forearm, but this was not formally tested. The forearm resting LDF flux was 
similar to some studies (Hagisawa et al., 1994), but higher than in others (Tee et al., 2004). The 
sacrum resting LDF flux was higher than has been previously found in other studies at the sacrum 
(Schubert and Fagrell., 1989; 1991). The indentor may have been applying a small amount of 
pressure during resting flux, when the probe within the indentor was placed on the skin with no 
load applied, causing changes in the resting flux. 
 
The gradual loading of the skin (500g every 2 minutes) up to 2500g (~94mmHg) resulted in a 
reduction in flow in most participants at the sacrum and forearm, but to varying degrees. At the 
forearm, the blood flux decreased by 38 ± 69% and 58 ± 59% in the control and heavy smokers 
respectively (median ± IQR). At the sacrum, the fall was 41 ± 33% and 57 ± 52% in the non-
smokers and smokers respectively (median ± IQR). A study has shown that pressures on the 
trochanter from lying on a standard hospital mattress are around 83mmHg, reducing to between 37 
and 55mmHg on a pressure reducing mattress (Thompson-Bishop and Mottola, 1992). A more 
recent study showed the maximum contact pressure on the sacrum was 40mmHg and 26mmHg in 
subjects lying on 3-cell and 2-cell alternating pressure mattresses, respectively (Rithalia and 
Gonsalkorale, 2000). The magnitude of the load applied to the skin in the studies in this chapter 
potentially reflects the load on the skin from a standard hospital mattress, but only reflect this 
pressure applied over a short period of time. 
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Several other studies have found similar decreases in blood flux with similar levels of external 
pressure applied as was used in the studies in this chapter. In a study, progressive increases in  
pressure up to 110mmHg at the sacrum site, caused a 43% reduction in blood flux (Schubert and 
Fagrell, 1989). Another study measuring effects of gradual loading at the sacrum using LDF and 
transcutaneous oxygen (tcPO2), found that LDF was at a minimum (37% of initial value) when 
external pressure was 90mmHg, and tcPO2 was at its minimum when external pressure was 
100mmHg (Colin and Saumet, 1996). However, the pressures documented to cause occlusion of 
blood flow in the literature vary tremendously. One study applied progressive loads to the sacrum 
until complete occlusion occurred and showed that pressures up to 380mmHg were required in 
some participants (Schubert and Fagrell, 1991). In another study, where transcutaneous oxygen was 
being measured at the sacrum, it was shown that interface pressures ranging between 27 – 
108mmHg were needed to reduced transcutaneous oxygen to a level that related to blood flow 
occlusion (20mmHg) (Bader and Gant, 1988).  
 
The data in the studies in this chapter demonstrated high variability in the effect of loading in both 
heavy smokers and non-smokers at the forearm and sacrum site. There are various potential reasons 
for this variability. The requirement to manually apply and remove the weights from the loading 
pan, meant that there was potential for slight changes in angle or position of the indentor which 
could also change the amount of pressure applied to the tissue. It is also possible that slight 
movement could cause a change in the blood vessels over which the probe is measuring.  
 
In some of the participants, there was an initial increase in blood flow with loading, and in at least 
one participant, this remained throughout the loading period, so that the final loaded flux was 
higher than resting flux. This could suggest the presence of pressure induced vasodilation (PIV) 
(Fromy et al., 2000); this may have been occurring in the participants in the studies in this chapter 
to varying degrees. A previous study demonstrated the presence of PIV when pressure was applied 
to the skin of the hand up to 25mmHg of pressure, and then blood flow reduction (Fromy et al., 
2000). In a further study, a computer controlled indentor was used to apply pressure from 0-
60mmHg to the sacrum of participants in 5mmHg steps, with the pressure constant for 3 minutes at 
each level. It was found that blood flow decreased when pressure was increased from 0-15mmHg, 
remained relatively constant between 15 and 30mmHg and then increased as pressure increased 
from 35 to 60mmHg (Brienza et al., 2005). This would suggest that not only the intensity of the 
load, but also the pattern of the loading applied to the skin, are important in determining whether 
PIV will occur.  
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significant differences between the groups. Also, several participants were excluded due to 
movement artifact on the LDF traces.  
 
The LDF method of measuring skin blood flow has been used in many studies and has many 
benefits associated with its use. However, due to the variation in the architecture of the skin 
microcirculation (Braverman et al., 1990) and the small size of the LDF probe, there is the potential 
for high variation in readings and poor reproducibility. The LDF probe is also susceptible to 
movement artifact. The loading apparatus potentially caused increased movement artifact on the 
LDF probe and thus on the resultant trace, during application and removal of external loads in an 
older group of participants. The fixation of the laser Doppler probe within the indentor also caused 
artifact to be present during resting flux. The previous study by Noble et al. (2003) using the same 
apparatus for the load application was not subject to as much artifact on the LDF trace. All the 
participants in this study were significantly older and thus found it more uncomfortable to remain 
in the positions required for the study, particularly the prone position for the studies at the sacrum 
site. The heavy smokers also found it more difficult to abstain from smoking before the studies and 
so there may be some acute effects of smoking in the results.  
 
The measurement of skin blood flow during loading also has difficulties. When the skin blood flow 
is reduced under the external load, the random part of the LDF signal becomes a larger proportion 
of the signal and thus there is more error in the signal (Sacks et al., 1985).  
 
Although direct pressure to skin is the major cause of pressure damage, there has been increased 
focus on the effects of the reperfusion on the skin tissue. Studies have investigated the effects of 
ischaemia and reperfusion; the injury caused by ischaemia reperfusion is known to be different 
from that caused by a single ischaemic insult (Peirce et al., 2000; Houwing et al., 2000). In fact, it 
has been shown in a rodent model, that repeated I/R injuries are more damaging to the tissue than a 
prolonged ischaemic insult (Peirce et al., 2000).The reperfusion of blood to a previously ischaemic 
tissue causes cellular injury, which is thought to be partly due to the higher levels of oxygen free 
radicals.  
 
Since completing this part of my research, more sophisticated devices (Brienza et al., 2005; Jan et 
al., 2008) and protocols have been developed to simulate the external pressure loading 
environment. Sae-Sia et al. (2007) considered the effect of 2 hours local pressure at the sacrum of 
patients with a recent SCI. They showed a greater relative decrease in flux in the SCI patients 
compared to controls and a reduced RH following release of load. Studies have also considered the 
effect of alternating pressure loading to validate the use of alternating pressure mattresses for at-  102 
risk patients in hospital. Jan et al. (2008) used a computer-controlled indentor to apply both 
alternating pressure levels and constant levels to the skin at the sacrum.  
 
With the development of improved loading equipment there is scope for future work in considering 
the effects of loading in different patient groups, to improve the knowledge base regarding risk 
factors for skin damage. There is also scope to provide further evidence regarding the process of 
cycles of ischaemia and reperfusion on skin blood flow control mechanisms. 
 
Final Summary 
For the purposes of the studies in this chapter it was hypothesized that heavy smoking would result 
in significantly attenuated reactive hyperaemic response in the skin microcirculation following 
removal of an external load. However, the results demonstrate no significant differences in the 
responses in the heavy smokers compared with the non-smokers at either the sacrum or forearm 
sites. The loading stimuli resulted in highly variable changes in blood flow and RH response. This 
may be due to the loading apparatus; since completing these studies more sophisticated devices are 
being used. Therefore, loading of the skin using this apparatus will not be used as the stimulus 
alongside LDF to assess skin blood flow in the subsequent chapters in this thesis. 
 
The studies in this chapter have highlighted the difficulties for participants and thus potentially 
patients of remaining very still in the prone position for prolonged periods of time. This is an 
important aspect that needs to be considered when studying skin blood flow as a potential tool for 
assessment of risk of pressure ulcer development. In the next chapter, the skin blood flow 
responses will be compared at the sacrum and forearm sites, the latter representing a more 
accessible location for skin-related studies. 
 
The application of a local heating stimulus to the skin is a well-established stimulus that has been 
used in many studies. The local heating stimulus has already been shown to be more sensitive in 
detecting alterations in the microcirculation and risk of foot ulcer development compared to 
baseline blood flow measurements (Timar-Banu et al., 2001). The skin heating protocol can be 
completed with no interference to the probe, so reduces the problem of movement artefact. It also 
lends itself to further spectral analysis to investigate the oscillations in the signal and thus the local 
mechanisms mediating the responses of the skin microcirculation. The prolonged plateau 
vasodilatation induced by local heating has been shown, using spectral analysis, to have a strong 
endothelium dependent component (Brienza et al., 2005), which is thought to be one of the aspects 
of regulation directly effected by smoking. In the studies in this chapter, the sacrum (an area at risk 
of pressure ulcers) and the forearm (not at risk) were both investigated. The potential differences   135 
propelling force to be more evident in the LDF signal during local heating. This then increases the 
power of the 1Hz frequency during local heating in the LDF signal. 
 
The forearm skin site showed no patterns when comparing the change in regulation of skin blood 
flow from resting to heating. However, at the sacrum, there was an increase in endothelium 
frequency and decrease in myogenic frequency compared to resting flux but this did not reach 
significance. This shows a similar pattern to some other studies. Other studies considering spectral 
analysis of the local heating response have found the relative contribution of the frequency band 
around 0.01Hz (related to the endothelium) to be increased with heating at the sacrum (Geyer et al., 
2004). The endothelium related frequency has also been shown to be significantly more dominant 
than the frequency around 0.1Hz related to the myogenic control during heating (Jan et al., 2009) 
and more dominant during heating induced vasodilation compared to loading induced vasodilation 
(Brienza et al., 2005). However, these studies used Wavelet analysis to complete the spectral 
analysis, so in that way differ from the use of FFT in the studies in this thesis. Only the study by 
Jan et al. (2009), used a heating pattern similar to this study which resulted in a bi-phasic heating 
response; the studies by Geyer et al. (2004) and Brienza et al. (2005) both used a significantly 
slower gradual application of the heating stimulus which did not result in the 2 phase response. The 
pattern of the application of the heating stimulus is considered to effect the regulation of the local 
heating induced vasodilation. 
 
Limitations 
The sample size for the studies in this chapter was appropriately powered for the time domain 
analysis. However, the smaller differences and higher variation in the spectral analysis might have 
required larger sample to be able to determine any differences between the forearm and the sacrum.  
 
The skin blood flow measurements were always completed at the forearm prior to the sacrum. It 
was important that there was a period of acclimatisation with the participants in a prone position; 
however, the prolonged studies at the forearm site may have affected the sacral studies. Also, at 
both skin sites, the local heating probe was switched off during resting flux, but its presence meant 
that the skin heated up under the probe. This resulted in a significantly higher temperature at the 
sacrum compared to the forearm at the end of the resting period. It may be important to fix the 
temperature of the probe during resting measurements in future studies. There was huge variability 
in the resting flux at the sacrum, which could be due to variations in the thickness of the skin or 
distribution of fat tissue at the sacrum in the participants involved. 
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higher than during the 45°C heat application, which they also suggested caused maximal thermal 
stress in their study (Geyer et al., 2004). In this study this was suggested to be due to nitric oxide 
production which maintained the vasodilatation for a while during the post-heating period. 
Therefore, measurements during the heated period alone may miss some important parameters of 
the response that occur after the period of direct heating. The peak flux was measured in this study 
as the total response during local heating may not fully encompass the response as a whole. 
 
The average heated flux and peak flux, corrected for resting flux, as well as the total response 
during local heating were significantly reduced in the heavy smokers compared to the controls. 
Other studies have shown reduced cutaneous hyperaemia responses in long-term smokers in 
response to local heating to 44°C (Edvinsson et al., 2008), iontophoresis of both ACh and SNP 
(Pellaton et al., 2002), pressure loading of the patellar tendon (Sprigle et al., 2002) and forearm 
cuff occlusion (Rossi et al., 2007). The attenuated total vasodilation in the smokers compared to 
control participants implies a reduced ability to vasodilate in response to external damaging stimuli 
 
There are various possible explanations for this. The damage to the endothelium of blood vessels 
by the products of smoking may result in impaired production of vasoactive mediators (Anggard, 
1994). Nitric oxide is a significant vasoactive mediator that has the potential to be affected by 
smoking, and studies have shown a reduction in the circulating levels in smokers (Heitzer et al., 
1996, 2000; Barua et al., 2001; Node et al., 1997; Tsuchiya et al., 2002), and thus reduced NO 
bioavailability. Smokers have been shown to have increased levels of ROS and lower antioxidant 
levels. This causes an inhibition of endothelial nitric oxide synthase (eNOS), reduces the 
bioactivity of NO and impairs endothelium dependent vasodilatation (Heitzer et al., 1996; Barua et 
al., 2001). Alternatively, reduced shear stress in the smokers due to a lower level initial increase in 
flux, may result in reduced production of NO, and thus reduced plateau vasodilation. 
 
In terms of consideration of the mechanisms of skin blood flow control affected by smoking, a 
study was conducted to measure the brachial artery vasodilation in response to ACh (endothelium-
dependent) and SNP (endothelium independent). They showed that smokers had significantly 
reduced response to ACh and not SNP, suggesting that this demonstrates a loss or impairment in 
endothelial function. However, this study was considering the larger arteries in the circulation, 
whereas another more recent study has demonstrated reduced responses in smokers to the 
iontophoresis of ACh, SNP and also local heating using LDF to measure skin blood flow, 
suggesting that the changes in microvascular reactivity in smokers are not solely endothelium 
related (Edvinsson et al., 2008). Interestingly, a study was completed to specifically consider the 
effects of nicotine on the skin blood flow of smokers and showed that nicotine nasal spray caused   166 
A further limitation is the lack of compliance of the heavy smokers. Many of the heavy smokers 
were in the habit of smoking at least a pack a day, so in some cases struggled to comply with the 
requirement to abstain for the 1 hour prior to experimentation. Although the cotinine levels were 
measured, this does not give an indication of compliance to abstinence from cigarette smoking. A 
measure of exhaled carbon monoxide would have been a useful indicator of compliance as levels 
remain increased for at least one hour after cigarette smoking (Van der Vaart et al., 2005). The LM 
smokers tended to have smoked their last cigarette a longer period before the study began. When 
considering the results it must be acknowledged that there may be some acute effects of smoking 
in the results, particularly in the heavy smokers.  
 
Ideally, the participants would have been asked to refrain from smoking for longer than 1 hour, as 
Goodfield et al. (1990) observed that blood flow changes following cigarette smoking persisted for 
at least 3 hours in some subjects. However, other studies have shown the acute effects of smoking 
to have reached pre-smoking levels within 40-50 minutes of smoking (Sorenson et al., 2009). 
Others have found that the hypoxia (Jenson et al., 1991) and endothelial dysfunction (Lekakis et 
al., 1998) following cigarette smoking lasts around 1 hour. 
 
It is also clear that the vasodilatation measured from the local heating stimulus cannot be 
considered to be a measure of capacity of the microcirculation to vasodilate, but as ability for the 
microcirculation to respond to a given stimulus. 
 
The median regression analysis has enabled the consideration of whether independent variables 
can be extracted from the data that are predictive of the mechanisms involved in the heating 
response. The median regression analysis showed evidence of predictive value of smoking status, 
measured as packyears, for the vasoreactive response to local heating. However, a limitation of 
this finding is that there is increased numbers of LM smokers and their controls in my sample 
compared to the heavy smokers and their older controls. Thus, the findings may be skewed in the 
direction of the young and the light smoker intensity. It is also the case that the R-squared values 
are generally low and this suggests that other factors not included in the analysis also have an 
effect. This finding is not unexpected due to many factors that impact on skin blood flow and 
unfortunately could not be controlled for in this study. This includes factors such as antioxidant 
intake in the diet (Chavez et al., 2007) and variability of position of probe (Bravermann, 2000).  
 
Final Summary 
All the participants studied in this chapter showed a significant vasodilation response to the local 
heating stimulus. The heavy smokers had significantly attenuated responses to the local heating   190 
provides information about the contribution of the specific frequency bands to the absolute power 
between 0 and 0.2Hz.  
 
Heavy smokers 
The absolute power between 0 and 0.2Hz measured in the LDF signal during the local heating 
response was significantly lower in the heavy smokers compared to the matched controls. This was 
an expected finding as the total local heating response, measured by AUC was significantly smaller 
in the smokers, and further analysis of the data has shown that the absolute power correlates 
significantly with this response parameter. The results showed that the reduced absolute power 
between 0 and 0.2Hz in the heavy smokers was due to a reduced absolute power in all three low 
frequency bands, but only significantly in the bands around 0.01Hz (endothelium) and 0.1Hz 
(myogenic).  
 
When the absolute power of the frequency bands was calculated relative to the absolute power 
between 0 and 0.2Hz there was no significant difference in any of the frequency bands between 
heavy smokers and non-smokers. When considering post-ischaemic changes in skin blood flow in 
smokers, the smokers were shown to have an absent post-ischaemic increase in skin blood flow and 
this was particularly related to the frequency components originating from endothelium and 
myogenic control (Rossi et al., 2007). The post-ischaemic hyperaemia results in a different 
response to that produced by local heating response, but is considered to involve shear-induced 
vasodilation (Rubanyi et al., 1986), as well as accumulation of metabolic vasodilators and the 
myogenic response (Rasool et al., 2009). Although studies have shown there to be a role for NO in 
the post-ischaemic response (Tagawa et al., 1994), others have shown little effect of NO in the 
response following more prolonged ischaemia (Cankar et al., 2009). 
 
The initial 100 seconds of LDF trace immediately after the beginning of the local heating stimulus 
was removed from the spectral analysis because the sharp upward rise in skin blood flux during 
this period is shown in the spectral analysis as a very low frequency itself. The aim of this work is 
to consider the oscillation frequencies within the LDF signal itself. This means that the section of 
flux that would be expected to include significant neurogenic control (Minson et al., 2001) was 
removed from the analysis. The plateau section of the local heating response has been shown to be 
mainly NO-dependent (Minson et al., 2001). 
 
When making direct comparisons between the heavy smoker group and the matched non-smokers, 
the only significant difference in the relative power during heating was in the band around 0.04Hz. 
The relative power around 0.04Hz was significantly higher in the heavy smokers during heating.   191 
The neurogenic mechanisms of blood flow control have been shown to have only a minimal 
contribution to the plateau phase of the local heating response (Minson et al., 2001). However, a 
small study (Appendix 4) completed during the thesis, showed that the effect of EMLA (block 
axon reflex) at the site of heating in 6 participants, was a reduction in the plateau heating response 
and a significant reduction in the relative power around 0.04Hz compared to the resting flux prior 
to EMLA application. This suggests that changes in neurogenic control in the frequency around 
0.04Hz can be measured in the spectral analysis of the plateau phase of the heating response using 
the methods in this study. It maybe that in the heavy smokers the balance in the control of skin 
blood flow is altered; the myogenic and neurogenic contribution to the absolute power was similar.  
Although there is some evidence to suggest that cigarette smoking increases sympathetic activity in 
the skin (Narkiewicz et al., 1998), this is shown to be an acute effect. 
 
The change in the relative power of each band from resting flux to heated flux was also analysed in 
the LDF trace. The non-smoking controls showed a significant increase in the absolute power 
around 0.01Hz with heating. Studies have shown that the local heating response is mainly caused 
by an increase in blood flow control related to the endothelium, and that this is more influential in 
the heating response than myogenic mechanisms (Brienza et al., 2005). Others have found that 
although the endothelium band was increased with maximum thermally induced hyperaemia, the 
myogenic band was decreased (Jan et al., 2005). Geyer et al. (2004) showed, using Wavelet 
analysis of the heating response, that endothelium related mechanisms are responsible for local 
heat induced blood flow regulation. The lack of an increased contribution of endothelium-related 
control in the heavy smokers may be due to the effects of smoking on the endothelium. 
 
It is important to consider that direct comparison of the results in this study with other studies are 
difficult due to the varying methods used for completing spectral analysis (mainly Wavelet and 
FFT) and the way the data is described. For example, although in this chapter the absolute power of 
the individual frequency bands was normalised to the absolute power in the whole frequency range 
being considered, either 0-0.2Hz or 0-2Hz, others normalise the results to the resting power (Jan et 
al., 2009; Brienza et al., 2005) or quote the mean amplitude of the PSD curve (Azman-Juvan et al., 
2008). 
 
Light/moderate smokers 
In order to reduce the random error and the bias error within the PSD estimate (methods section 
2.5), the resting and heating data were collected for longer in the light smokers; the resting flux was 
measured continuously for 20 minutes and the local heating was applied for 20 minutes.  
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The results showed high variability, both in the LM smokers and the non-smokers, and particularly 
when analysing the local heating flux. This can be illustrated by considering the range of results; 
the range of absolute power in the heating flux of the non-smokers and LM smokers was 25.2-
254.6 and 29.5-448.0 AU
2, respectively. There were no significant differences in absolute power or 
the relative power of the frequency bands between the LM smokers and non-smokers. 
 
The change in relative power from resting to heating showed no significant differences. 
Interestingly, there was no observed increase in the relative power around 0.01Hz in the non-
smokers or the LM smokers during the heated flux when compared to the resting flux. It may be 
that a compensation mechanism to increase the capillary flow during resting in LM smokers may 
mean the contribution does not increase more during heating. 
 
The variability in the spectral analysis of the LDF signal in the LM smokers and matched controls 
may be due to the range of age and smoking status within this group. The participants were aged 
between 18 and 35, and the smokers had smoked for between 2 and 15 years (1.5-10 packyears). It 
may be that the participants had differing degrees of altered endothelial function and also 
compensation mechanisms. It is also possible that due to the longer data collection (20 minutes) to 
reduce the random and bias error in the measurements, the stationarity of the data was affected. 
 
All participants considered together 
The spectral analysis of the local heating response for all 56 participants was considered as one 
group including 28 non-smokers and 28 smokers (light, moderate and heavy). The median 
regression analysis was completed on these results, however, there was caution as to the 
interpretation of these results and these have not been included in this thesis. 
 
When considered as one group, the results showed that there was an increase in the median relative 
power around 0.01Hz in the heating flux compared to the resting flux in the non-smokers, but a 
small decrease in the smokers, and this difference was significant. It would have been expected that 
the frequency around 0.01Hz related to endothelium and specifically endothelial NO activity would 
have been reduced in the smokers. Many studies have shown reduced vasoreactivity and 
endothelial dysfunction with smoking, but there have also been studies to show an increase in NO 
in smokers (Chavez et al., 2007), and also increased anti-oxidant levels in smokers (Chavez et al., 
2007). Although studies have shown endothelium mechanisms to be dominant in the local heating 
response (Jan et al., 2009; Brienza et al., 2005; Geyer et al., 2004), there is general 
acknowledgement that the skin blood flow response to local heating is controlled by different 
mechanisms to differing degrees (Jan et al., 2009).   193 
Limitations 
There are limitations to the findings in this chapter. The smoking status of the smoker participants 
relies on cotinine levels (heavy smokers only) and /or self-report and therefore there is no 
biological reference for time since last cigarette. The 1 hour abstinence from cigarette smoking 
may mean that there are some acute effects of cigarette smoking present in the results of the 
spectral analysis and that some of the effects on the underlying mechanisms found in the smokers 
are acute effects. As the heavy smokers tended to have smoked more recently than the light 
smokers, and have difficulty with compliance, the acute effects may differ between the 2 groups. 
 
The spectral analysis is derived from a LDF signal, the limitations of which have been discussed in 
the previous chapters. The artefact inherent in LDF recordings can affect the spectral analysis, 
although efforts were made to limit the artefact on the signal in this study. The PSD is also only an 
estimate of the distribution of signal power over the frequency bands in the signal. The PSD of a 
random, non-stationary signal, such as a biomedical signal, can only ever be an estimate. The 
different frequency components in the cutaneous microvasculature are non-constant and they vary 
with time (Smith, 1997). The resting and heating flux was analysed separately as any change in 
time in the signal is spread over the entire frequency interval. There is much debate over the 
techniques used for spectral analysis and much of the work completed in this area has used 
Wavelets rather than FFT’s.  
 
In this study, the spectral analysis during heating relied on adequate detrending of the heating 
response flux signal in order to remove the very low frequency increase in flux at the 
commencement of heating. This would otherwise dominate the PSD at the very low frequencies, 
but the detrend may also effect the lowest frequency band. The effect of the detrend on the power 
around 0.01Hz was checked to consider the effect of different levels of detrend (methods), but this 
need for manipulation of the data in this way must be considered a limitation. It is possible that 
although the method of detrend was the same in each participant, the higher increases in blood flow 
were not detrended as efficiently as the lower increases; this is because each response was 
different, but the detrend system was always the same. This could mean that there remain higher 
very low frequency in some individuals that could effect the power of the band around 0.01Hz 
(0.008-0.02Hz) and/or the absolute power 0-0.2Hz. 
 
The initial 100 seconds was also removed from the heating analysis to aid in the process of 
detrending and this removes the initial, axon-reflex controlling rise in flux caused by heating. Thus, 
findings relating to the neurogenic mechanisms of blood flow control must be treated with caution 
as important information regarding these mechanisms has been removed. It is also important to   194 
acknowledge that the frequency band around 0.01Hz involves one oscillation per 100s, so the 
analysis is involving only 5 cycles in the heavy smoker study. 
 
Although the CV for the site to site and day-to-day measurements of the spectral analysis showed 
that the relative power had much reduced CV compared to the absolute values, the relative values 
may contain some error. The relative power is measured as the contribution of the band to the 
absolute power 0-0.2Hz; this included frequency range above and below the bands being focussed 
on. It is also important to consider that the bandwidths used to determine the different frequencies 
may be changed by the local heating stimulus (comment by Simpson, DS), so the assumption has 
to be made that the bands used are reflective of the mechanisms expected. The studies that have 
explored the bandwidths and the mechanisms of skin blood flow control they relate to were mainly 
done using Wavelet analysis. 
 
After completion of the spectral analysis as shown in this chapter, further work was done on the 
data and refinements to the process of the spectral analysis by Dr David Simpson. There was an 
additional step introduced so that the sections of LDF signal to be analysed were first decimated to 
a 1 Hz sampling rate, and then high-pass filtered (3
rd order Butterworth filter, cut-off frequency of 
0.005 Hz). Spectral analysis was then carried out only on the last 350 seconds of the resting and 
heating data, to avoid the sudden changes in flux during heating. The results from this analysis had 
similarities to those in this chapter. 
 
Final Summary 
In order to maintain cutaneous viability and health, an appropriate cutaneous blood flow is 
essential. When pressure, friction and/or shear are applied to the skin, then inadequate cutaneous 
blood flow can result and eventually pressure ulcer development. The risk of developing a pressure 
ulcer can be increased by factors which alter the cutaneous microcirculation, such as smoking and 
ageing.  
 
So far in this thesis it has been shown that heavy smokers have a significantly attenuated response 
to a local heating stimulus applied to their skin and there was a trend towards reduced responses in 
LM smokers. Increasing smoking longevity/intensity, as measured by packyears, was significantly 
predictive for a reduced response to local heating. 
 
In this chapter, the spectral analysis of the LDF signal has shown that the absolute power of the 
LDF signal between 0 and 0.2Hz during heating is significantly lower in the heavy smokers. It has 
also been shown that the significantly increased contribution of the 0.01Hz frequency from resting   201 
In this past few years, work has been focused on creating systems in hospitals and the community, 
where patients at risk of pressure damage are seen by an appropriate specialist as quickly as 
possible. For example, Choromanski et al. (2008) and Cho et al. (2008) and others have looked at 
creating a database of ‘at risk’ patients, which automatically alert pressure ulcer specialists about 
these patients. This seems an obvious direction to go in given the leaps in technology used in many 
walks of life. However, these systems require an appropriate determination of pressure ulcer risk, 
otherwise patients will be overlooked or there will be large resource implications of pressure ulcer 
prevention strategies enforced in patients that don’t require them.  
 
The studies in this thesis highlight two main aspects about risk assessment for pressure ulcer 
development. Firstly, although smoking is considered to be a risk factor for many diseases, it is not 
considered on all pressure ulcer risk assessment scales. The findings from the studies in this thesis 
have shown that heavy smokers have an attenuated vasoreactive response to a local heating 
challenge to the skin. Other studies have shown reduced cutaneous hyperaemia responses in long-
term smokers (Pellaton et al., 2002; Sprigle et al., 2002; Rossi et al., 2007; Edvinsson et al., 2008). 
However, in this study, there were also reduced responses in the LM smokers (borderline 
significance), and across all the participants, a general significant trend where increased packyears, 
result in a reduced skin blood flow response to local heating. Although further studies are needed to 
clarify the link between reduced vasoreactivity and increased incidence of pressure ulcers, the 
results provide potential evidence that smoking should be considered as a risk factor for pressure 
damage.  
 
Secondly, the studies in this thesis consider the potential to use spectral analysis to investigate the 
mechanisms involved in the control of skin blood flow, and in particular the function of the 
endothelium. Although the findings of the thesis showed there to be potential alterations in 
endothelial function in an older group of heavy smokers compared to non-smokers, there were no 
differences in LM smokers. Altered endothelial function has been shown to be present in smokers 
(Celermajer et al., 1993) and this may be due to the degradation of NO by increased levels of ROS 
as a result of smoking or direct endothelial cell damage (Radi et al., 1991). The findings of this 
thesis, using LDF in combination with spectral analysis, show that this can be detected non-
invasively and locally in the skin tissue. However, as there were no differences in the spectral 
analysis of the mechanisms of blood flow control in the LM smokers, it would suggest that either 
the LM smokers do not show early changes or that the methods used in this thesis are not accurate 
enough to detect them.  
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Although the heavy smokers showed attenuated vasoreactivity in response to local heating and the 
LM smokers also showed a trend towards attenuated responses (borderline significance), there 
were not similar patterns shown by the spectral analysis in terms of effects on blood flow control 
mechanisms. It may be that the LM smokers and heavy smokers would need to be considered as 
separate populations due to different effects on skin blood flow mechanisms. It ha s been shown 
that when light smokers smoked a cigarette, the skin blood flow of the thumb decreased, but 
returned to baseline levels immediately after the end of smoking a cigarette. In the heavy smokers, 
the skin blood flow remained unchanged before, during and after smoking a cigarette. The authors 
suggest that the heavy smokers have a severely disturbed microcirculation (Midttun et al., 2006). 
Another study showed similar results when measuring forehead skin blood flow in light and heavy 
smokers, during cigarette smoking and suggest that there is potential tolerance in heavy smokers 
(Meekin, et al., 2000). It is possible that the LM smokers have some chronic effects from the 
cigarette smoke on their cutaneous microcirculation, but that compensation mechanisms overcome 
these effects. In the heavy smokers, these mechanisms can no longer cope and dysfunctional 
responses are present. It may also be due to a combination of acute and chronic effects of smoking 
in the heavy smoker group. 
In the literature, there are differences in findings related to skin blood flow in smokers and the 
mechanisms of blood flow control that may be affected by smoking. Although some studies show 
reduced resting skin blood flow in smokers, more recently there has been shown to be elevated 
resting flow and reduced forearm vascular resistance in smokers (Mitchell et al., 2005) and others 
have shown neovascularisation in response to nicotine is actually enhanced with increasing age 
(Suner et al., 2004), so that heavy smokers may have increased baseline flow. In terms of skin 
microvascular reactivity, although studies have shown reduced responses in smokers (Rossi et al., 
2007a; Edvinsson et al., 2008), there has not been consensus regarding reduced endothelium-
dependent vasodilation specifically. Although, Celermajer et al. (1993) showed reduced 
endothelium-dependent vasodilation and not endothelial-independent vasodilation in smokers, this 
study involved measurement of flow-mediated brachial artery vasodilation; this was not confirmed 
when considering the microcirculation (Edvinsson et al., 2008). These results suggest that the 
attenuated responses in smokers are not solely the result of endothelial dysfunction. 
 
Since the completion of the studies contained in this thesis, other groups have used LDF with 
spectral analysis to aid in the development of pressure ulcer prevention strategies, including 
specialized mattresses. These mattresses work to certain timing schedules and patterns, so that 
different sections of the mattress inflate and deflate in order to relieve pressure regularly. In a 
recent study there has been consideration of the effects of different timings of pressure on skin   204 
However, spectral analysis of the skin tracing showed abnormal flow pattern in these patients, 
with abnormally increased amplitude of the low frequency flowmotion waves relating to 
endothelial function, neurogenic and myogenic activity. It is suggested that there may be 
compensatory mechanisms to maintain normal perfusion in these patients. The post-ischaemic 
hyperaemia was blunted in these patients, and the waves related to endothelial, neurogenic and 
myogenic regulation of skin blood flow did not increase during the hyperaemia, suggested that the 
compensatory mechanisms are exhausted (Rossi and Carpi, 2004). Changes in the mechanisms of 
skin blood flow regulation have also been demonstrated in patients with long-standing essential 
hypertension (EHT) and newly diagnosed EHT (Rossi et al., 2006b). The magnitude of the 
increase in blood flow at the forearm following ischaemia was not significantly different in the 
controls, newly diagnosed or longstanding hypertension. However, the longstanding hypertensive 
patients showed an absence of increase in total power and the frequencies (apart from myogenic) 
compared to the controls and newly diagnosed EHT patients. 
 
Finally, a further study has shown an association between risk of coronary heart disease and 
microvascular function (IJzerman et al., 2003a). In this study, they used LDF in combination with 
ACh and SNP and capillary microscopy to observe nailfold capillaries at the finger. They assessed 
the Coronary Heart Disease (CHD) risk according to the Framingham Heart study and none of the 
participants had cardiovascular disease. They found that an increased risk for CHD was associated 
with lower endothelium dependent vasodilation and capillary recruitment and this finding was 
independent of age.  
 
If we consider that changes in skin vasoreactivity and changes in mechanisms of regulation of 
blood flow have the potential to increase risk of pressure ulcer development, then the current 
plethora of research using the skin microcirculation as a tool to study vascular diseases has much 
relevance. If changes to the skin microcirculation are an early indicator of cardiovascular disease, 
then they also occur before the patient is potentially aware of the disease and thus may be a hidden 
risk factor for pressure ulcer development. 
 
The method of skin blood flow assessment using LDF and a challenge is simple and non-invasive 
and can be used at many sites in the human body. The studies in this thesis have demonstrated the 
potential for LDF in combination with a challenge to the skin to be used in different potentially at 
risk patient groups. Furthermore, the potential for the LDF signal to be analysed using spectral 
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ensure complete removal of the EMLA cream. The area was also checked for adequate anaesthesia 
using the prick test at the edges of the site. 
 
The equipment needed for the insertion of the probes was prepared beforehand to ensure the sterile 
nature and efficiency of the insertion procedure. The surface of a table at the bed side in the clinical 
room (WTCRF) was cleaned, using an anti-fungal cleaner (Mikrozid AF, Schulke & Mayr) and a 
sterile field was prepared using a sterile paper dressing onto the table surface. The equipment 
needed for the insertion procedure was placed on the sterile field. This included green (21G) and 
blue needles (23G), 20ml syringe, 1ml syringes, sterile giving tubing, microdialysis probes and 
blue epidural connectors. The Ringers solution was drawn into the 1 ml syringe, removing all the 
air bubbles, and the sterile giving tubing was attached. The 1ml syringe was then clamped onto the 
CMA400 pump. The giving tubing was primed with the Ringer’s solution, the 5kDa microdialysis 
probe was attached into the end of the primed giving tube and the Ringers solution was allowed to 
flush through probe onto the sterile paper as a test of the probe to ensure no leakage prior to 
insertion. Each of the collection eppendorfs to be used for the study was labeled with the sample 
number, weighed and this was documented. 
 
Insertion of microdialysis probes 
The process of insertion of the microdialysis probes began once the area of skin to be used was 
checked for adequate anaesthetization. A length of 20mm was then marked on the participants arm 
with a pen to ensure that the microdialysis probes were inserted under the skin for the correct 
distance. A 23G blue needle was then inserted under the skin into the dermis, approximately 0.6 – 
0.8 mm beneath the surface, for the length marked with the pen (ensuring that the needle was not 
inserted through the pen marks). The 5kDa microdialysis probe was inserted through the needle 
and then the needle was removed, leaving the probe in the skin. The probe is anchored to ensure 
that it remains in position using a small piece of micropore tape. When more than one probe was 
applied, there was a gap of greater than 2cm between the probes. 
 
The microdialysis probes were immediately perfused at 3µL/min for 15 minutes to flush away any 
molecules that had entered the probe using a microinfusion pump (CMA400; Biotech Instruments 
Ltd). The sample (1) contained in the collection eppendorf was immediately placed in an ice bath 
for later re-weighing and storage at -80°C. The probe was then taped securely in place and covered 
by a Melonin
® dressing a bandage, and was left for 1.5 hours to allow the skin to settle down after 
the trauma of probe insertion. The insertion procedure increases local blood flow and this would 
effect the concentrations of molecules within the extracellular tissue space. A study has shown    240 
in this chapter set out to measure the level of NO in the interstitial space of the skin in seven LM 
smokers and seven non-smoking controls, matched for age, sex and BMI.  
 
There is much confusion in the literature regarding the effect of smoking on the levels of NO in the 
bloodstream, either measured in serum or plasma. Studies have shown that there is no significant 
difference in the serum NO of smokers and non-smokers (Barua et al., 2001) and others have 
shown the same in plasma measurements (Tsuchiya et al., 2002). However, others have found 
differences (Node et al., 1997). It has been suggested that the level of NO in the bloodstream is an 
unreliable measure of the nitric oxide produced by the endothelium. The [NO] in the bloodstream 
is effected by a number of factors including diet and renal function (Kelm et al., 1996). 
 
In the study in this chapter, the microdialysis fibres were placed in the volar forearm and, after a 90 
minute break to recover from the insertion trauma, they were perfused with Ringers solution at a 
rate of 3µL/min for 30 minutes. Samples were collected at 5 minute intervals throughout this 
period. The perfusion was then stopped for 30 minutes and then restarted for a second period of 30-
60 minutes perfusion, with collections every 5 minutes again. The NO concentration in each of the 
samples was measured using a chemiluminescence reaction (Sievers NOA-280). This method has 
been used previously to measure [NO] from microdialysis of the skin in vivo (Katugampola et al., 
2000, Rhodes et al., 2001; Crandall and MacLean, 2001; Boutsiouki et al., 2003).  
 
The concentration of NO measured at 5 minute intervals in all of the participants involved showed 
high variability, so that in all subjects (n=14) the values ranged 0.4 – 7.6µM. The concentration of 
NO measured in the first 5 minute collection was the highest in most participants and the 
concentration fell as dialysis progressed. This fall in dialysate NO has previously been shown in a 
study by Clough (1999); demonstrating a gradual reduction in the concentration of dialysate NO 
over the first 30 minutes of perfusion and then no further fall. It is suggested that this is most likely 
to be due to the dialysis depleting the interstitial space of NO (Clough, 1999). The finding that after 
a 30 minute break in perfusion, the NO levels increased again (Clough, 1999), was also found in 
this study, and provides some confirmation for the depletion theory. 
 
Interestingly, the analysis in this study showed that there was no further significant fall in dialysate 
[NO] after only 15 minutes of perfusion in the non-smokers and 10 minutes in the heavy smokers. 
The microdialysis membranes used in this study had a 5 kDa cut-off compared to 2 kDa cut-off 
fibres in the study by Clough (1999). The higher membrane cut-off may mean that the NO diffuses 
more readily into the microdialysis probe, depletes the tissue space of NO faster, so that a low 
steady state level of NO is reached more quickly. The slower perfusion rate in this study (3µL/min   241 
compared to 5µL/min) has also the potential to cause faster uptake of NO into the microdialysis 
probe and thus faster tissue depletion.  The recovery of a molecule from the tissues with a given 
probe increases when perfusion rates are kept low (Fox et al., 2002).  
 
The results show that the interstitial space of the smokers was depleted of NO more quickly than 
the non-smokers. This may be due to a lower interstitial [NO] in the smokers or a reduced capacity 
to replace NO as it is removed from the interstitial space into the perfusate, causing depletion to 
occur more quickly. The area under the [NO] curve up to the 15 minute collection was significantly 
lower in the LM smokers compared to the non-smoking controls. The area under the curve up to 
the 30 minute time point were not significantly different between the groups and this was expected 
as the steady state levels of NO (from 10-15 minutes onwards) were similar in the two groups. 
 
The median [NO] in the sample collected at 5 minutes was higher in the non-smokers compared to 
the smokers (4.2 ± 3.5µM (smokers) and 2.4 ± 1.7µM (non-smokers)), but the difference did not 
reach significance (p=0.062). The [NO] measured at the 10 minute time point was significantly 
lower in the light/moderate smokers compared to the non-smoking controls. After this, the samples 
collected up to the 30 minute time point were not significantly different and reached a similar 
steady state level.  
 
The [NO] measured in this 5 minute sample can be compared directly to dialysate concentrations 
measured in a study by Clough (1999). They found the mean value of NO in the first 5 minute 
sample to be 1.24 ± 0.19 µM, using an amperometric NO sensor and the steady state level at the 30 
minute time point was 0.63 ± 0.09 µM. The reasons for the higher [NO] in the first collection in 
this study are likely to be the higher membrane cut-off and lower flow rate used as already 
discussed or alternatively, the different method used to measure the [NO] (chemiluminescence 
reaction v amperometric sensor).  
 
Although Kellogg et al. (2003) and Crandall and MacLean (2001) were both studying the effects of 
whole body heating on the [NO] in the skin, the studies involved measurement in the normathermic 
state prior to heating. Kellogg et al. (2003) used a selective membrane amperometric electrode 
placed under the skin to measure interstitial [NO] and found that over a 10 – 20 minute period in 
normathermic conditions the concentration of cutaneous interstitial [NO] was 548 ± 108nM. This 
method did not involve microdialysis and used a technique similar to Clough et al (1999) to 
measure the [NO]; thus the lower levels of NO measured in that study compared to the findings in 
my study may be due to these differences. Interestingly, the [NO] found by Kellogg et al. (2003) is 
more equivalent to the steady state levels found in this study.    1 
 